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An ecotone where a creek hyporheic zone discharges seepage into a lake was 
characterized by measuring physical and chemical parameters o f creek, hyporheic, 
seepage, and lake waters. A comparison o f electrical conductivity revealed that seepage 
was intermediate in conductivity between low conductivity lake waters and the higher 
conductivity creek and hyporheic waters. Hence it appears that lake waters mix with 
hyporheic waters before these discharge to the lake, a surprising result since such mixing 
requires that the lake waters move against an apparent hydraulic gradient to do this.
To gain further understanding o f this ecotone between a creek hyporheic zone and a lake, 
macroinvertebrate communities present in hyporheic and surface water habitats were 
sampled. Taxonomic analysis o f  these samples suggested that the faunal community 
living in the creek hyporheic zone was more diverse than the communities o f the creek or 
the lake.
A literature review summarizes peer-reviewed publications available, through June 2003, 
describing the possible importance o f  hyporheic zones in ecosystem functioning. Based 
on that literature review, statutory protection for hyporheic zones is proposed, including 
regulation o f management practices on dry lands that overlie hyporheic habitats and their 
recharge areas.
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Introduction
Published studies o f groundwater ecology date back at least to Robert Pennak's 
description o f  collecting invertebrates from interstitial waters filling shallow depressions 
in a sand beach at the Trout Lake Limnological Laboratory in Wisconsin (1944). 
Although that early publication characterized a groundwater habitat adjacent to a lake, 
most studies published since have examined groundwater habitats adjacent to flowing 
waters Researchers in hydrology, hydrogeology, geochemistry, biology, and stream and 
riparian ecology have defined the hyporheic zone’ as the area where stream water and 
groundwater mix (Stanford and Ward 1988; Triska et al. 1989; Gibert et al. 1994; Home 
and Goldman 1994; Dahm and Valett 1996; Lamport and Sommer 1997; Winter et al 
1998; Woessner 2000; Weight and Sonderegger 2001; K alff2002). Interstitial waters 
adjacent to streams were first termed ‘hyporheic habitats’ by Orghidian (1959). Early 
studies o f  hyporheic invertebrates in Europe and the United States include publications 
by Schwoerbel (1964), Williams and Hynes (1974), Stanford and Gaufin (1974) and 
Stanford and Ward (1988).
This study examines a hydrologically complex site where a stream (Roy’s Creek) 
and its hyporheic zone flow and seep into a lake (Flathead Lake in NW Montana). At 
such a site, it is likely that multiple physical and chemical gradients coincide, creating 
diverse habitats and possibly supporting a diverse community. Such a site is called an 
‘ecotone.’ This study measured physical and chemical characteristics o f well, creek, 
seepage, and lake waters, once a month for four months. In addition, macroinvertebrates 
were collected from well, creek, and lake waters.
The degree o f  mixing between well, creek, seepage and lake waters was evaluated 
based on their electrical conductivities. It was expected that wells farthest from the creek 
would have the highest conductivity, and that wells near the creek would be in the creek’s 
hyporheic zone and so would be intermediate in conductivity between creek conductivity 
and that o f  the far wells. Similarly, it was expected that water in Roy’s Creek would 
have higher conductivity than lake water, because the creek rises from springs within % 
mile, or 0.4 km, o f the lake.
It is common for lake water to flow from a lake, and mix into ground water, 
moving down a hydraulic gradient. However, where groundwater is seeping into the 
lake, it is logical to assume that no lake water is moving into the groundwater against the 
hydraulic gradient. At the study site, it was thought that hyporheic water continued to 
discharge into the lake even when lake level was high enough to submerge springs 
observed at low water. Hence it was expected that the seepage waters would be similar 
in conductivity to the well waters in the hyporheic zone. In the event that seepage water 
exhibited conductivities intermediate between well and lake waters, that would suggest 
that lake water is entering the groundwater at this site, despite the movement o f 
hyporheic waters to the lake.
Sampling macroinvertebrate assemblages from well, creek and lake waters added 
to understanding o f  the ecotone at the study site. Research to identify the best methods 
currently used to sample macroinvertebrate populations in creek, hyporheic and lake 
habitats, culminated in the design and construction o f specialized sampling devices, and 
provided valuable experience for the investigator, as did analysis & interpretation o f 
physical, chemical and biotic samples.
Study Site
Flathead Lake in Montana, USA, shown in Figures 1 and 2, is an exceptionally 
large and deep lake, with a surface area o f 191.3 mi^, or 495.5 km^, and maximum depth 
of 371 ft, or 113 m. It receives the vast majority of its water from numerous tributaries, 
which drain a catchment basin o f 11,442 mi^, or 18,379 km^, and seepage into or out o f 
the lake accounts for a negligible proportion o f its volume (Stanford et al. 1983, 1994b; 
Montana NRIS 2003). In at least one location, however, the hyporheic zone o f two 
tributaries appears to interface with the lake through its littoral substrate. Observations of 
a gravel beach, where two creeks flow into Yellow Bay (Figures 3 and 4) have indicated 
that hyporheic water associated with these creeks seeps into the lake at this location
Figure 1. Montana with Flathead Lake visible in the upper left.
Yellow Bay is formed by a small peninsula, about midway along the lake’s east 
shore, visible in Figures 2 and 3. This peninsula juts out from the shoreline for one- 
quarter mile, or 0.4 km, then curves south and extends for a comparable distance to a 
point o f yellow rock, from which the bay gets its name.
-
Yellow Bay'
Figure 2. Flathead Lake photographed from approximately 100 miles altitude on 
April 4, 1985, with Yellow Bay visible in the middle o f the east (upper) shore
Figure 3. Yellow Bay on Flathead Lake’s east shore
A gravel beach forms the northern shoreline o f Yellow Bay, from the base of the 
peninsula eastward past the inlet o f Roy’s Creek, whose location is shown in Figure 4 
Seasonal fluctuations in the lake’s level expose varying amounts o f the beach’s surface at 
different times o f each year. Historically, the level o f Flathead Lake rose in the spring, 
with the influx o f  snowmelt and runoff, reaching a peak in late April and then declining 
through the summer and fall to a winter elevation approximately twelve feet, or four
meters, lower than the spring peak level. Since the completion in 1937 o f Kerr Dam at 
Flathead Lake’s outlet, however, the lake’s level has been maintained at the full pool 
elevation, which was historically the spring peak lake level, from Memorial Day in the 
spring until Labor Day in September (Varrelman 1992). While operation o f Kerr Dam 
has altered the timing o f lake level fluctuations, the surface elevation o f the lake still 
varies, each year, by approximately twelve feet, or four meters, between lower levels in 
winter and higher levels in summer (Varrelman 1992).
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Figure 4. Study site at Yellow Bay on Flathead Lake. Please see Figure 5 on page 11 
for a more detailed depiction o f  sampling locations.
When Flathead Lake’s level recedes in winter, springs can be observed flowing 
from part o f  the gravel beach along Yellow Bay’s northern shore, on both sides o f two 
small creeks that flow into the lake over this beach. Yellow Bay Creek near the eastern 
end o f  the bay’s northern shoreline, and Roy’s Creek near the center o f  that shoreline. 
Water seeping from the beach on both sides o f  the inlets o f  these creeks, visible at lower 
lake levels, appears to be hyporheic water, erupting from a creek hyporheic zone through 
springs. When Flathead Lake levels are relatively high, hyporheic water may seep from 
these springs directly into the lake, or lake water may move into the beach. As 
streamflow in Roy’s Creek declines, while Flathead Lake’s level remains high enough to 
submerge the springs, that are visible to either side o f the Creek’s mouth at lower lake 
levels, it is possible that lake water moves into the beach.
As stated in the introduction, an ecotone, where multiple environmental gradients 
coincide, appears to exist in those parts o f Yellow Bay’s gravel beach, near the mouth o f 
Roy’s Creek, where hyporheic water emerges in springs when the lake level is lower, and 
may emerge as seepage when lake levels are higher. This study sampled seepage, at 
higher lake levels, in locations where springs erupt from the Yellow Bay beach at lower 
lake levels.
At four locations where hyporheic water seeped from the Yellow Bay beach at 
lower lake levels, in the immediate vicinity o f Roy’s Creek’s inlet, seepage meters were 
installed to sample seepage rates, and measure physical and chemical characteristics o f 
seep water. Comparison o f electrical conductance in well, seepage, creek and lake water 
samples was used to evaluate the degree o f mixing between these waters. That 
investigation, assessing the dimensions o f  the ecotone where creek, hyporheic and lake
waters meet, was supplemented by taxonomic analysis o f macroinvertebrate samples 
collected from these same habitats.
Rationale and Objectives
While investigating interfaces between groundwaters and iotic (stream) systems, 
by measuring many o f the same physical and chemical parameters examined in this 
study. White et al. (1987), Hendricks and White (1991), Palmer (1990), Marmonier and 
Creuze de Chatelliers (1991), Vervier and Gibert (1991), Stanford and Ward (1993) and 
Wroblicky et al. (1998) described ecotones that shifted locations over time. Following 
their lead, this study investigated whether lake water mixed with hyporheic water across 
the ecotonal boundary in the Yellow Bay beach when lake level was high enough to 
submerge springs observed at low lake level. The question o f whether such mixing 
occurred was addressed by comparing measurements o f electrical conductivity in creek, 
well, seepage and lake water. If  low conductivity lake water mixes with higher 
conductivity hyporheic water, seepage samples would exhibit intermediate conductivity. 
However, if  seepage is occurring at the study site, then flow is towards the lake at that 
site, and any evidence o f mixing would suggest that lake water is moving into the beach 
somewhere near where the seepage is being measured, but not precisely where the 
seepage is occurring.
The distribution and abundance o f species and populations is a central issue in 
ecology (Andrewartha and Birch 1954; Andrewartha 1961; Odum 1971; Krebs 1985). 
Shelford (1951), Hutchinson (1965), Odum (1971) and Hall et al. (1992) have articulated 
the view that individual organisms, and populations, position themselves along multiple
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environmental gradients in locations enabling them to maximize energy intake while 
minimizing energy expenditure. This perspective also enables ecologists to 
conceptualize landscapes as mosaics o f ecosystems, separated by ecotones, like that 
examined in this study, in a beach where a stream corridor, with a surface water channel 
and a hyporheic zone, discharges into a lake.
Viewing a landscape as a mosaic o f ecosystems, each having characteristic biotic 
communities, suggests that attributes o f  macroinvertebrate community assemblages, such 
as overall abundance, could be related to measurements o f  environmental variables, to 
reveal correlations that might help explain macroinvertebrate distributions. For example, 
greatest overall macroinvertebrate abundance might be most strongly correlated with one 
environmental variable measured, such as dissolved oxygen concentration.
Unfortunately, the data set developed in this study based on four monthly 
sampling runs was not sufficient to enable evaluation o f correlations between 
environmental variables and macroinvertebrate abundance, or other biotic metrics (Ott 
1993; Karr and Chu 1999; SPSS 2003). Yet, the investigator gained valuable experience 
in designing, constructing and using sampling equipment specialized to collect stream, 
lake and hyporheic macroinvertebrates, and analyzing the taxonomic composition o f 
these samples. Macroinvertebrate community analysis, possibly in combination with 
metrics assessing assemblages present at other trophic levels, appears to offer one o f  the 
best prospects for developing water quality metrics useful in conservation and restoration 
(USEPA 1988, 1990, 1996; Karr 1993; Davis and Simon 1995; Davis et al. 1996; 
Costanza et al. 1997; Daily 1997; Pimentel et al. 1997; Karr and Chu 1999).
Techniques used to sample macroinvertebrate communities present in these 
habitats were selected from protocols currently used for biological monitoring o f 
freshwater ecosystems, and sampling equipment designed and constructed for this study 
was intended to facilitate macroinvertebrate sampling for biological monitoring (Hauer 
and Lamberti 1996; Karr and Chu 1999; Aquatic Research Instruments, personal 
communication 1995-2004). Many publications predict these protocols will have 
increasing importance in the future o f water quality monitoring in the United States 
(USEPA 1988, 1990, 1996; Karr 1993; Davis and Simon 1995; Davis et al. 1996; 
Costanza et al. 1997; Daily 1997; Pimentel et al. 1997; Karr and Chu 1999).
Monitoring o f aquatic invertebrate communities to assess water quality has 
evolved into a powerful tool, through work by the USEPA (1988, 1990, 1996), Williams 
(1991), Karr (1993), Malard et al. (1994), Davis and Simon (1995), Davis et al. (1996), 
Costanza et al. (1997), Daily (1997), Pimentel et al, (1997), Boulton et al. (1997), Karr 
and Chu (1999), Nelson and Roline (1999) and others. One important reason is that 
resident aquatic biota, with relatively short generation times, integrate the effects o f 
localized influences with the effects o f geological, hydrological and other factors 
controlling the physical and chemical characteristics o f  waters on larger scales. 
Monitoring o f living communities also offers the advantage o f enabling researchers to 
detect toxic effects exerted by pollutants which may be present, but might not be detected 
using analytical methods, to examine water samples for specific contaminants. Similarly, 
monitoring o f aquatic invertebrate assemblages can evince synergistic toxic effects, 
exerted by combinations o f chemicals, but not detectable using analytical methods.
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Methods
Measurements, Sampling and Sample Processing
Figure 5 shows the study site in more detail than Figure 4 , and includes the 
locations o f all wells, seepage metering and collection devices, and the sampling sites in 
Roy’s Creek and Yellow Bay
Yellow Bay Beach
Roy's Creek
® W5
@ d
w3 ® _
® ®RC
Yellow Bay
Legend
# = well sampling sites 
B  = seepage sampling sites 
A  = creek sampling site 
Q  = macrcMnvertebrate sampling sites
Î
North
“e
Scale
100
30
200 feet 
60 meters
^igure 5. More detailed view o f study site in Yellow Bay on Flathead Lake. Mouth of 
Roy’s Creek is at 47.875 degrees north latitude and 114.035 degrees west longitude.
Six wells are identified as w l through w6. Water quality parameters were measured, and 
macroinvertebrate samples collected, from each well. Four seepage sampling sites are 
identified as b, c, d and e Water quality parameters in Yellow Bay were measured at c 
and macroinvertebrates were collected at d. Roy’s Creek water quality parameters were 
measured, and macroinvertebrates collected, at RC. Measurements o f water quality 
parameters, and collection o f macroinvertebrate samples, from Flathead Lake outside of 
Yellow Bay was conducted at the Lake sampling site shown in Figure 4 (page 6).
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Each of the six wells at the study site were from 3-6 m deep and fitted with a 20 
cm diameter polyvinylchloride plastic casing that was slotted beneath the water table. 
Wells were sampled using a peristaltic pump powered by a gasoline engine, shown in 
Figure 6 with its intake hose drawing water from well 2 and its outlet positioned for 
macroinvertebrate sampling. Water pumped from the wells was strained through a 
conical net, which hung from the tripod visible in Figure 6, and is shown with greater 
detail in Figure 7.
Figure 6 Well water sampling apparatus, showing field instruments for physical and 
chemical measurements, and gasoline-powered peristaltic pump, with inlet hose in well 2 
and outlet positioned for macroinvertebrate collection using the apparatus in Figure 7.
Water discharged from the pump outlet tubing passed through the conical net, 
made o f 500 micrometer mesh, shown in Figure 7 which retained a sample o f  hyporheic 
invertebrates, mixed with detritus. This material was concentrated in the circular net 
shown in Figure 7, also made o f 500 micrometer mesh. These macroinvertebrate samples
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were preserved in the field, for later analysis o f taxonomic composition according to 
classification systems in Pennak (1989), Thorp and Covich (1991) and Merritt and 
Cummins (1996).
Figure 7. Well water sampling apparatus, showing conical 500-miocrometer mesh 
macroinvertebrate collection net terminating in cod-end assembly, and circular 
500 micrometer mesh concentrating net.
Seepage metering and collection devices, as shown in Figure 8, were designed 
and constructed based on schematics and descriptions published by Lee (1977) and Lee
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and Cherry (1978). Four o f these were installed, approximately 60 m apart, along a line 
parallel to the shoreline, at sampling sites B, C, D and E. Each seepage meter was 
allowed to equilibrate for at least 48 hours between installation and sampling, so seepage 
could displace lake water which may have been trapped in the meters during installation.
Figure 8. Seepage meter installed in the gravel substrate of Yellow Bay at sampling site 
C, with outlet connected to a valve fitted with a sample collection bag.
An air-lift sampler, shown in Figure 9, was designed and constructed for this 
study based on schematics and descriptions by Mackey (1972), Pearson et al. (1973), 
Drake and Elliott (1982, 1983), Boulton (1985), Dorgelo and Hengst (1986), Brown et al. 
(1987), Long and Wang (1994) and Saiki and Martin (1996). This device was used to 
sample benthic macroinvertebrate communities present in Roy’s Creek, in Yellow Bay
14
adjacent to seepage metering site D, and in Flathead Lake outside o f Yellow Bay at the 
Lake site.
4
Figure 9. Air-lift sampler. The white cylinder was worked into the substrate to a depth 
of 15cm, where a brass fitting, visible in the photo on the lower left side o f the cylinder, 
connected to a white hose running from the SCUBA tank. Compressed air was then 
emitted from the SCUBA tank through the white hose into the cylinder. Bubbles moving 
upward in the cylinder, then up the clear tubing, lifted water through the substrate, the 
cylinder and the clear tube into a 500 micrometer mesh cod end assembly shown attached 
to the clear tube, or a 500 micrometer mesh floating collection chamber (shown to the left 
on the log).
Once each month, from March through June o f 1998, the following sampling 
procedure was conducted. All samples were collected during daylight hours, on four or 
fewer consecutive days.
1. Recorded Flathead Lake level in Yellow Bay, in relation to the top of well 1 
casing using an optical level and stadia rod, and on the staff gauge attached to FLBS pier.
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2. Measured temperature, specific conductance at 25®C, dissolved oxygen 
concentration, and percent oxygen saturation of water at sampling site RC in Roy’s 
Creek, at 0.1m depth in 0.2m o f water.
3. Repeated above measurements at Lake sampling site in Flathead Lake outside o f 
Yellow Bay, on the outside o f  Yellow Bay Point, at 0.25 m depth in 0.5 m o f water.
4. Repeated above measurements at sampling site C in Yellow Bay, at a depth o f 
0.25 m in 0.5 m o f water.
5. In each well, measured static water level, then measured temperature, specific 
conductance at 25^C, dissolved oxygen concentration, and percent oxygen saturation, at 
the top and the bottom o f the water present in the well before pumping. Pumped water 
from each well, at the rate o f approximately 0.5 gallons or 2 liters per second, for ten 
minutes or until the well became dry. Passed this water through 500 micrometer mesh 
nets to collect macroinvertebrate samples, which were preserved in the field for later 
taxonomic analysis.
6. In each well, repeated the above measurements of water quality parameters, at the 
top and bottom o f each well, after pumping.
7. Collected at least four quantitative seepage samples from each seepage meter, 
recording the duration o f collection, the volume o f seepwater collected, and its specific 
conductance. No attempt was made to standardize the time o f day or the duration of 
seepage metering and collection trials.
8. Used air-lift sampler to collect macroinvertebrates, from substrate in 0.2 m depth 
o f water at the RC site, and from substrate in 0.5 m depth o f  water at the D and Lake 
sampling sites. Preserved these samples in the field, for later taxonomic analysis.
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Data Analysis
The null hypothesis was that no mixing o f  lake water with hyporheic water 
occurred in the beach. This would be supported by finding that the conductance of 
seepage water was equivalent to that o f  hyporheic water, and higher than that o f lake 
water. The alternative hypothesis, that lake water did mix with hyporheic water in the 
beach, would be true if  seepage conductance was less than that o f  hyporheic water, and 
greater than that o f lake water. It was first necessary to show that the conductance o f 
hyporheic water was significantly higher than that o f lake water. If this were not true, 
then conductance could not be used to assess mixing between these waters.
Mean electrical conductance values appearing in Table 2 were calculated using 
the conductivity measurements made at the bottom o f each well, after it was pumped. 
Values measured after pumping each well probably reflected water quality conditions in 
the hyporheic zone around the well more closely than values measured before pumping, 
which were affected by phenomena occurring in the well casing, for example the 
presence before pumping o f dead stonefly larva, decomposed to varying degrees, in some 
wells in some months.
Pumping hyporheic water from the wells, while collecting invertebrates, between 
measuring physical and chemical data before and after that pumping, revealed striking 
variations in well yield. Each well was pumped at the rate o f approximately 0.5 gallons, 
or 2 liters, per second, in each o f four monthly trials, either for ten minutes or until the 
well became dry. Wells one through four could be pumped at that rate for a full 10 
minutes without going dry, in every trial except one, when well four went dry after 6.33 
minutes o f  pumping in March. Wells five and six, in contrast, always went dry in one
17
minute or less, and in the April trial, well five contained too little water to pump at all.
The mean pumping time for wells one through four in all months was 9.77 minutes,
whereas the mean pumping time for wells five and six in all months was only 0.63
minutes. This information is compiled in Table 1 and depicted graphically in Figure 10.
Table 1. Time each well was pumped each month, at the approximate rate o f 30 gallons 
or 114 liters per minute. If pumped less than 10 minutes, the well went dry in that time. 
At the time o f the April trial, no water could be pumped from well 5.
Well Time Pumped in Minutes
March April May June Mean
1 10 10 10 10 10
2 10 10 10 10 10
3 10 10 10 10 10
4 6.33 10 10 10 9.08
5 0.5 0 0.5 1 0.5
6 1 0.5 0.5 1 0.75
9.77
0.63
12 -|
10
tfi «
3
3
C 6
S 4
2
0
Mean Pumping Time in Minutes
Well 1 Well 2
n   ------- 1------   —
Well 3 Well 4 Well 5 
Well
Well 6
Figure 10. Mean pumping time for each well in all trials, showing contrast between 
yields from wells one through four, compared to wells five and six. Wells one through 
three were pumped for ten minutes without going dry in each o f four monthly trials, well 
four was pumped for ten minutes without going dry in three trials, but wells five and six 
both went dry in one minute or less in each o f four monthly trials.
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Results
Electrical Conductivity and Mixing
Table 2 shows the average o f 4 monthly o f conductivity measurements in well, 
creek, seepage, bay and lake water. The conductivities o f all the different water types 
differed significantly from one another except for Yellow Bay and Flathead Lake. 
Conductivity in wells 1 through 4 was significantly higher than in Roy’s Creek, but 
conductivity o f  wells 5 and 6 was higher still, and they were pumped dry much more 
rapidly. Hence, conductivities o f  wells 1 through 4 were averaged to represent hyporheic 
water, while wells 5 and 6 were averaged to represent groundwater.
Table 2. Average electrical conductance based on four monthly samplings (March-June).
Sampling Location(s) Mean Std Dev Std Err 95% Cl
Wells 5&6 (groundwater) 353 7 2 6 343-357
Wells 1-4 (hyporheic water) 300 10 2.5 295-305
Roy's Creek 284 3 1.5 281-291
Seepage 218 10 2.5 208-228
Yellow Bay 180 13 6.5 160-200
Flathead Lake 175 5 2.5 168-183
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Figure 11. Mean Electrical Conductance and 95% confidence intervals measured in 
wells 5 and 6, wells 1 through 4, Roy’s Creek, seepage meters. Yellow Bay and Flathead 
Lake outside Yellow Bay
Figure 11 shows the mean electrical conductivity (EC), with error bars 
representing the 95% confidence interval, o f  groundwater (wells 5 and 6), hyporheic 
water (wells 1 through 4), Roy’s Creek, seepage. Yellow Bay and Flathead Lake. All 
were significantly different except for Yellow Bay and Flathead Lake
Wells 1 through 4 were intermediate in EC between the creek and wells 5 and 6, 
farther from the creek, suggesting that wells 1 through 4 were in the hyporheic zone. The 
mean EC o f seepage waters was significantly lower than that o f the creek and the 
hyporheic wells, but significantly higher than that o f Yellow Bay, suggesting there was 
mixing o f lake water somewhere in the beach. Therefore the null hypothesis, no
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significant difference in conductivity, had to be rejected. Given this, it is likely that lake 
water is mixing with hyporheic water in the beach.
Yellow Bay Beach Cross-Section
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Figure 12. Approximate cross-section o f the yellow bay beach constructed based on 
elevations o f ground surface, lake surface and groundwater table in wells 2 and 4 in 
March and June which appear in Part A(6) o f  the appendix on page 53. Lake surface 
elevations in April and May were intermediate between those in March and June. In 
addition to the seepage sites sampled in this study, which were beneath the lake surface 
throughout March through June, seepage also erupted from the beach at the location 
labeled “seepage” in this figure, from the beginning o f the study in March until these 
seeps were inundated as the lake rose in May
Measurements o f ground surface, lake surface and groundwater table elevations in 
wells 2 and 4 in March and June, which appear in Part A(6) o f the appendix on page 53, 
were used to construct an approximate cross-section of the yellow bay beach (Figure 12). 
While the lake level rose three meters from March through June, the groundwater table 
elevation in well 2 was only one centimeter higher in June than in March, and the 
groundwater table elevation in well 4 was only two centimeters higher in June than in 
March. In all four months the groundwater table sloped downward toward the lake 
beneath the beach.
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More detailed information about the extent o f this hyporheic zone, and the 
dimensions o f  its ecotone with surface water, could be generated by conducting a more 
thorough study, designed to facilitate robust statistical analysis. The same physical and 
chemical characteristics, measured in more locations, more frequently, and over a longer 
time, would clarify where and how much creek and lake water mix with groundwater, at 
varying distances from the creek and lake, at different times o f year. A study continuing 
for many years could make it possible to take into account variations in hydrogeology 
reflecting differing precipitation and snowmelt patterns.
Macroinvertebrate Distribution
The total number o f macroinvertebrates collected each month at study sites 
appears in Figure 12, and the total number o f taxa collected each month appears in Figure 
13. Table 3 lists all taxa identified in all samples, and shows which taxa were present in 
samples collected from groundwater (wells 5 and 6), hyporheic water (wells 1 through 4), 
Roy’s Creek, seepage. Yellow Bay and Flathead Lake.
Raw counts from taxonomic analysis o f macroinvertebrate samples collected at 
each sampling location, in each month, appear in Appendix B. Please bear in mind that 
the methods used in this study do not enable quantitative comparisons between 
macroinvertebrate samples collected in the wells and other sampling locations. Lake and 
creek samples were collected using an airlift device that samples a known area o f benthic 
substrate, in both lentic and lotie habitats. But wells were sampled using a pump to 
extract groundwater. Hence, macroinvertebrate abundances in the wells can not be 
compared to those in the lake and creek, although diversity per abundance may be 
reasonable to compare.
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Figure 13. Total number o f macroinvertebrates collected each month at each sampling 
location.
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Figure 14. Total number o f  macroinvertebrate taxa collected each month at each 
sampling location.
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Table 3. Taxa Collected from Each Type o f Sampling Location.
Hyporheic Groundw Groundw Roy's Yellow Flathead 
Taxon Wells 1-4 Well 5 Well 6 Creek Bay Lake
Paraperla wilsoni X X
Kathroperla perdlta X
Perlomyia utahensis X
Suwallia Kootenai X
Melanka californica X X X
Coleoptera; Dytiscidae X
Coleoptera: Elmidae X
Diptera: Chlronomidae X X X X
Amphlpoda: Gammarus lacustris X X X
Annelida: Hirudinea X X X
Ephemeroptera: Siphlonluridae X X X
Gastropoda: Planorbidae X X
Ephemeroptera: Heptagenlidae X
Ephemeroptera: Leptophlebiidae X
Total Number of Taxa 11 0 3 3 6 4
The taxonomic information presented above suggests that this hyporheic zone 
(wells 1-4) may have higher biodiversity than the other habitats in this study. Samples 
collected from Yellow Bay included six taxa, representing six taxonomic orders, while 
samples collected from wells 1-4 included 11 taxa, representing six orders. The well 
samples included five Plecopteran species, compared to only one in Yellow Bay, and the 
wells included two Coleopteran taxa not collected in Yellow Bay. All three taxa found in 
Roy’s Creek benthos were present in samples collected in wells one through four, from 
the creek’s hyporheic zone.
Samples o f Flathead Lake benthos, collected at a location on the outside o f 
Yellow Bay point, included four taxa, representing three macroinvertebrate orders. Two 
of these taxa, representing orders Diptera and Amphipoda, were present in samples from 
wells one through four, while the two Ephemeropteran taxa present in samples collected 
from Flathead Lake outside o f Yellow Bay were the only taxa, o f fourteen collected from 
all sampling sites, that were not represented in samples from any well.
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Discussion 
Recent Advances in Study Techniques
During and since this study, equipment and techniques used to collect hyporheic 
invertebrates have been refined. Malard et al. (1997) compared performance of four 
pump designs for collecting macroinvertebrates from groundwaters, concluding that a 
pneumatic pump outperformed centrifugal, inertial and air-lift designs. Important work 
by Hunt and Stanley (2000) and Boulton et al. (2003) furthered efforts to standardize 
pumping rates, sample volumes and sample replication throughout individual studies, to 
facilitate quantitative comparison o f all invertebrate samples collected within a study and, 
ultimately, comparison o f  samples collected in different studies.
Contemporary investigators have also refined seepage metering and collection 
equipment and techniques. Deployment o f  pre-filled collection bags, and sampling for 
increased durations, have been shown to minimize effects o f wave action, and address 
anomalously high initial collection rates (Blanchfield and Ridgway 1996; Cable et al. 
1997). Other notable attempts to optimize the accuracy o f seepage metering include 
development o f  automated continuous rate measurement by Taniguchi and Fukuo (1993). 
Major Limitations of this Study
The major limitation o f this study is that it was based on sampling conducted only 
once a month for four months. Because sampling was limited to March through June, the 
results can only be considered valid for the months when sampling was conducted. 
Similarly, conducting only four sampling runs constrained statistical analysis o f data 
collected.
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In discussing macroinvertebrate data collected, a further limitation, beyond those 
already considered, is that the wells may have acted as traps, which invertebrates could 
enter, but not leave. This may help explain the presence, in many well samples, o f large 
numbers o f invertebrates that were dead, many being faded in color and a few partially 
decomposed. Dead individuals were not included in macroinvertebrate counts.
This trapping effect’ could have biased the samples collected in wells to indicate 
greater abundance o f organisms that move farther, and become trapped in wells while 
traveling through the aquifer. This would make concentrations o f  these individuals 
greater in some wells than in surrounding areas, and may account for the high numbers, 
in some well samples, o f relatively large-bodied and energetic Plecopteran individuals, 
which appear to be more mobile than other taxa collected. Another bias that may have 
been introduced by a trapping effect would have arisen if  invertebrates, such as stoneflies 
in the Yellow Bay beach, migrated into wells deliberately, perhaps seeking a route to the 
surface during emergence. These individuals might have died in a well not because o f 
being unable to escape back into interstitial waters, but because o f choosing to remain in 
the well bore until dying.
Despite its limitations, this study increased the investigator’s understanding of 
ecology through the application o f two basic approaches to understanding distributions of 
life on earth, one emphasizing zones and the other gradients. The former allows us to 
perceive the world as a mosaic o f  ecosystems, separated by ecotones, and the latter 
emphasizes the importance o f environmental gradients, many o f which usually coincide 
at ecotonal boundaries between ecosystems. These two complementary views both 
integrate physical, chemical and biological influences, with differing emphases.
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Literature Review o f Hyporheic Ecology
The ecotone at the interface between a hyporheic zone and a lake, for example, 
can be viewed as a physicochemical boundary, separating habitat zones or ecosystems 
which comprise the landscape, and are characterized by distinct fauna! assemblages 
(Odum 1971). A similar and complementary approach views invertebrate distributions as 
arising from the tendency o f organisms to situate themselves, along multiple 
environmental gradients, in positions that maximize energy intake while minimizing 
energy expenditure (Shelford 1951; Hutchinson 1965; Odum 1971; Hall et al. 1992).
Following recommendations by Hynes (1975, 1983) and Danielopol (1980) for 
better integration o f groundwater and stream research, interest in hyporheic zones 
increased substantially, and published studies o f  hyporheic zones have become more 
common. Current authors continue, however, to cite the need for further field studies to 
increase our understanding o f interactions between groundwater and surface water 
(Palmer 1993; Gibert et al. 1994; Stanford 1998; Woessner 2000; Boulton 2001; Weight 
and Sonderegger 2001 ; Kalff 2002). The gravel beach on Yellow Bay appears to be an 
excellent site for further investigations o f ecotone dynamics, and the influences o f 
physical and chemical variables on hyporheic invertebrate distributions.
Existing literature includes an increasing number o f  studies indicating linkages 
between distribution patterns o f hyporheic fauna and abiotic environmental variables, 
particularly sediment granulometry, related water movement and dissolved oxygen 
concentration patterns, organic matter forms and quantities, and increasing age o f 
groundwater from recharge zone to discharge zone (Williams and Hynes 1974;
Danielopol 1981, 1989, 1991; Palmer 1990; White 1990; Crueze de Chatelliers 1991;
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Crueze de Chatelliers et al. 1992; Marmonier 1991; Marmonier et al. 1992; Stanford and 
Ward 1993; Stanley and Boulton 1993; Quinn and Hickey 1994; Stanford et al. 1994a; 
S layer 1994; Ward and Palmer 1994; Plenet et al. 1995; Boulton et al. 1997; Strayer et 
al. 1997; Ward et al. 1998; Brunke and Fischer 1999; Brunke and Gonser 1999; Fowler 
and Scarsbrook 2002).
These investigators have established that distributions o f  hyporheos are generally 
controlled by the physical structure o f an aquifer-surface water complex, and the 
movement o f  water and allochthonous materials through this system. With increasing 
Aequency, studies have focused on changes in invertebrate community characteristics 
along hyporheic groundwater flow paths, including paleochannels in alluvial floodplains 
(Stanford and Ward 1988; Stanford et al. 1994a; Stanford 1998), and other subsurface 
formations with high hydraulic conductivity (Danielopol 1991; Crueze de Chatelliers et 
al. 1992; Stanley and Boulton 1993; Strayer et al. 1997; Brunke and Fischer 1999; Fowler 
and Scarsbrook 2002). Future studies in Yellow Bay could investigate whether 
invertebrate abundances are higher in areas o f faster groundwater flow rates, where 
interstitial porosity is greatest. Hyporheic flow paths o f higher hydraulic conductivity 
could be expected to offer larger volumes o f subsurface habitat for organisms to occupy, 
with higher dissolved oxygen concentrations.
Recognizing the degree to which hyporheic invertebrate assemblages are 
controlled by properties o f  the physical environment, a subset o f the aforementioned 
studies, and other recent publications, have also considered the influence o f biotic 
interactions on the distributions o f  hyporheos. Relationships between invertebrate 
functional groups, such as those defined by Merritt and Cummins (1996) based on
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feeding behavior, activities o f fungi and bacteria, and the composition and extent o f 
microbial biofilms in hypoiheic zones have been examined by Stanford and Ward (1993), 
Culver (1994), Guonot (1994), Stanford et al. (1994a), Strayer (1994), Plenet et al. 
(1995), Ward et al. (1998), Brunke and Fischer (1999), Boulton (2001) and Crenshaw et 
al. (2002).
With the discovery o f an increasing variety o f  invertebrates dwelling in hyporheic 
habitats, representing diverse taxonomic classifications, systems to categorize these 
organisms in more useful terms have arisen. For example, hyporheobiont organisms, 
completing their entire life cycles in hyporheic habitats, coexist with hyporheophile 
species, found in the h>porheos during only part o f their life cycles (Williams and Hynes 
1974). Examples o f  hyporheophile elements o f  hyporheos include fish embryos and 
epigean aquatic insects, and species o f epigean insects which obligatorily complete their 
larval development in the hyporheos have been termed amphibionts (Stanford and Ward 
1993). As an example o f how these classifications have been applied, Dole-Olivier and 
Marmonier (1992) and Plenet et al. (1995) have suggested that, along hyporheic flow 
paths, hyporheophile epigean invertebrates may be more common in downwelling than in 
upwelling zones.
Authors synthesizing groundwater ecology information began, more than ten 
years ago, to suggest that groundwater systems influence the homeostasy o f  surface 
systems (Sedell et al. 1990; Gibert 1991; Grimm et al. 1991; Boulton 1993; Valett et al. 
1994; Clinton et al, 1996). Hyporheic zones functioning as refuges for biota have been 
described in numerous publications (e.g. Sedell et al. 1990; Palmer et al. 1992; Boulton 
and Stanley 1995; Clinton et al. 1996; Del Rosario and Resh 2000), Perhaps the
29
hyporheic zone associated with Roy’s Creek and Yellow Bay provides Flathead Lake 
invertebrate populations with refuge from predation by epigean invertebrates and 
vertebrates, and from desiccation and freezing during dewatering caused by fluctuations 
in the level o f  Flathead Lake. Regarding fish populations, Fraley and Decker-Hess 
(1987) attributed the rapid decline o f  kokanee salmon Oncorhyncus nerka populations in 
Flathead Lake to desiccation and freezing o f  their eggs. Subsequently, Varrelman (1992) 
suggested that seeps in the Yellow Bay beach had provided a refuge for kokanee eggs, 
which would otherwise have been desiccated when spawning gravels were dewatered 
after spawning, as dam regulation o f Flathead Lake determined the timing o f lake level 
fluctuations, following the completion o f Kerr Dam at the lake’s outlet in 1937. Perhaps 
the importance o f  hyporheic zone refuge functions increases when human activities 
regulate lake and river levels.
An increasing body o f scientific evidence demonstrates that during both naturally 
and anthropogenically controlled regimes o f streamflow, water table fluctuation, and lake 
level variation, hyporheic habitats offer refuge from desiccation and freezing that kills 
fish eggs, algal cells, and invertebrates in egg, resting, larval and adult stages o f their life 
cycles. Hyporheic zone réfugia appear to be important sources o f  colonizers in the 
dynamics o f  repopulation following disturbance events. Demonstrated contributions of 
hyporheic habitats to the resilience and stability o f natural systems imply that they should 
be protected.
Increases in understanding o f  the magnitude and importance o f hyporheic zone 
contributions to ecosystem functioning may enable ecologists and activists to persuade 
society to protect them. It may be advisable, and perhaps feasible, to create a new
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category for these resources in water quality regulations. At present, hyporheic waters do 
not have their own classification within groundwater pollution prevention regulations. 
These rules incorporate standards for aquifer protection based in most cases on 
mammalian toxicity studies, intended to protect groundwater as a drinking water resource 
(Piver 1993). Hyporheic waters also are not addressed by laws regulating wetlands 
conservation through compensatory mitigation (Gregory et al. 1991 ; Smith et al. 1995; 
Hauer and Smith 1998).
In developing contemporary river ecology, Hynes (1970, 1975) pointed out that 
rivers are manifestations o f  the landscapes they drain, and today we recognize that this is 
equally true o f subsurface hyporheic waters. Studies linking land uses to water quality 
are numerous. Human activities impacting watershed hydrology have been shown to 
alter the quantity, quality and timing o f runoff, groundwater interflow, and associated 
pollutant loading to surface waters (Watson et al. 1981 ; Ward and Stanford 1989; Vanek 
1991; Stanford and Ward 1992a; Stanford and Ward 1993; Richards et al. 1996, 1997; 
Roth et al. 1996; Allen et al. 1997; Koizumi and Matsumiya 1997; Wang et ai. 1997; 
Hughes et al. 1998). Herbicides and other chemicals applied to upland recharge and 
runoff areas have been shown to migrate to adjacent surface and groundwater resources 
(Ma and Spaulding 1997). Other studies have documented impacts on hyporheic 
invertebrate assemblages o f  grazing and related agricultural practices (Malard et al. 1994; 
Govedich et al. 1996; Boulton et al. 1997), and aquifer recharge by secondary sewage 
(Sinton 1984; Ward and Marmonier 1992).
If  particular land uses can be shown to impair designated uses o f groundwaters or 
surface waters in this state, or shown to have reasonable potential to degrade aquatic
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resources which have demonstrated value in ecosystem functioning, both the federal 
Clean Water Act and the Montana Water Quality Act authorize regulating those human 
activities. After sufficient study by scientists and consultation among stakeholders, it 
might be reasonable to impose regulatory limits on quantities o f  biocides applied, in areas 
where they could enter groundwater interflow, to amounts not expected to contaminate 
hyporheic zones. Cherry orchards cultivated on the slopes o f  the Mission Mountains 
overlooking Flathead Lake, such as exist immediately upslope from Roy’s Creek 
springbrook and the Yellow Bay beach, are examples o f  areas where such regulatory 
limitations might be appropriate. It would be informative to conduct tracer studies to 
determine sources o f water in Roy’s Creek, and its hyporheic zone, and perhaps to test 
these waters for contamination by chemicals applied in upland management practices.
Many ecologists have demonstrated that, in lotie systems, hyporheic habitats 
appear to be important in ecosystem functioning, not only offering biotic réfugia bridging 
both predictable and stochastic disturbances, but also, on a more continuous basis, 
functioning as loci o f materials and energy exchanges and conversions (e.g. Schwoerbel 
1964; Stanford and Gaufin 1974; Hynes 1983; Grimm and Fisher 1984; Stanford and 
Ward 1988, 1992b, 1993; Ward 1989; Coleman and Dahm 1990; Gibert et al. 1990; 
Crueze des Chatelliers and Reygrobellet 1990; Sedell et a l 1990; White 1990; Gibert 
1991; Grimm et al. 1991; Vervier and Gibert 1991; Dole-Olivier and Marmonier 1992; 
Palmer et al. 1992; Boulton 1993; Holmes et al. 1994; Valett et al. 1994; Jones et al.
1995a and 1995b; Clinton et al. 1996; Dahm and Valett 1996; Stanford et al. 1996; Dahm 
et al. 1998; Hagerthey and Kerfbot 1998; Ward et al. 1998). As the significance 
attributed by these authors to ecotones between groundwater and riverine habitats
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becomes more firmly established, management implications o f this work become clearer. 
Similarly, ecotones between groundwaters and lake waters, which have received less 
attention, may contribute demonstrably to functioning o f lentic systems, making them 
worthy o f  special protection in water quality laws.
Conclusions
Observations suggest that Flathead Lake water does mix to some degree with 
subsurface water, even near a point where the hyporheic waters o f a stream are 
discharging into the lake. It is likely that there is even greater mixing o f lake waters into 
the subsurface in areas where subsurface waters are not discharging into the lake.
Observations also suggest that a greater diversity o f macroinvertebrates may exist 
in hyporheic waters than in creek or lake waters. Samples collected from Yellow Bay 
included six taxa, representing six taxonomic orders, while samples collected from the 
wells included twelve taxa, representing seven orders. The well samples included five 
Plecopteran species, compared to only one in Yellow Bay, and the wells included two 
Coleopteran taxa not collected in Yellow Bay. All three taxa found in Roy’s Creek 
benthos were present in samples collected in wells one through four, from the Creek’s 
hyporheic zone. Samples o f Flathead Lake benthos, collected at a location on the outside 
o f Yellow Bay point, included four taxa, representing three macroinvertebrate orders. 
Two of these taxa, representing orders Diptera and Amphipoda, were present in samples 
from wells one through four, while the two Ephemeropteran taxa collected from Flathead 
Lake outside Yellow Bay were the only taxa o f fourteen, collected from all sampling 
sites, that were not represented in samples from any well. It should be noted that wells
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may have trapped or otherwise concentrated macroinvertebrates so as to inflate their 
abundance and diversity in this habitat.
Based on a literature review, evidence was presented that hyporheic zones are 
important to the resilient functioning o f surface water ecosystems, hence hyporheic zones 
and their biota should be protected under provisions o f the Clean Water Act and the 
Montana Water Quality Act. Hyporheic zone conservation and restoration should be a 
priority in watershed protection and related land use planning.
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Appendix A. Field data
1. Electrical conductance in micromhos per cm at 25^C.
Std.
Location March April May June Mean Dev. n Std Err 95% Cl
Well 1 295 296 308 316 304 10.1 4 2.5 295-311
Well 2 288 285 300 299 293 7.6 4 2 287-289
Well 3 287 288 300 297 293 6.5 4 3 283-303
Well 4 306 307 315 313 310 4.4 4 2 304-316
Wells 351 0 358 358 356 4.0 3 2 350-362
Welle 345 352 341 344 346 4.6 4 2 340-352
Roy's 283 282 285 288 285 2.6 4 1 281-288
Seepage B 182 194.83 220.75 229.5 207 22.1 4 11 172-242
Seepage C 206 255.54 253 192.5 227 32.3 4 16 176-328
Seepage D 240 229.33 232.5 219.5 230 8.5 4 4 217-243
Seepage E 205 217.17 210.5 202.6 209 6.5 4 3 199-219
Monthly
Means 208 224 229 211
All Months 218 21.1 16 5 208-228
Yellow Bay 177 198 178 168 180 12.7 4 6 160-200
Flathead Lake 181 176 173 169 175 5.1 4 2.5 168-183
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Conductivités in March
Top Bottom Top Bottom
WelM 292 325 292 295
Welt 2 287 295 288 288
Welt 3 286 286 287 287
Well 4 277 307 307 306
Well 5 347 344 353 351
Well 6 34S 344 347 345
Roy’s 283
Bay 177
Lake 181
Conductivités in April Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 290 349 293 296
Well 2 286 286 285 285
Well 3 284 297 285 288
Well 4 301 308 307 307
W ells 337 339
Well 6 316 352 341 352
Roy’s 282
Bay 198
Lake 176
Conductivités in May Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 301 420 303 308
Well 2 298 303 299 300
Well 3 297 300 300 300
Well 4 29S 358 314 315
W ells 36S 381 350 358
Well 6 324 344 326 341
Roy’s 28S
Bay 178
Lake 173
Conductivités in June Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 301 378 318 316
Well 2 297 317 297 299
Well 3 293 296 296 297
Well 4 274 439 316 313
Wells 170 413 346 358
Welle 340 356 327 344
Roy's 288
Bay 168
Lake 169
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2. Temperatures in ®C. 
Temperatures in March Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 6.6 6.4 6.S 6.3
Well 2 6.8 6.9 6.8 6.9
Well 3 6.8 7.0 6.9 7.0
Well 4 4.S 4.9 4.S 4.7
W ells 4.8 S.2 4.6 4.8
W elle SS 6.0 S.6 5.9
Roy's S 8
Bay 3.3
Lake 3.0
Temperatures in April Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 7.7 7 7.3 7.1
Well 2 8.8 7.4 7.8 7.4
Well 3 7.7 7.3 7.6 7.3
Well 4 7.3 6.1 6.1 5.9
W ells 6.2 S.9
Welle 6.S 6.2 6.2 6.2
Roy's 6 8
Bay 9.2
Lake 7.S
Temperatures in May Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 7.9 7.4 8.1 7.7
Well 2 8.0 7.4 8.1 7.5
Well 3 7.8 7.4 7.7 7.4
Well 4 8.9 7.2 8.1 7.8
Well 5 8.4 7.4 8.1 7.8
Welle 7.9 7.3 7.5 7.4
Roy's 8.0
Bay 11.6
Lake 11.7
Temperatures in June Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 8.9 7.6 8.8 8.2
Well 2 8.2 7.4 8.2 7.6
Well 3 8.2 7.S 7.6 7.5
Well 4 10.1 7.6 9.2 8.5
Wells 9.6 7.9 9.5 9.0
Welle 8.9 8.0 9.2 8.3
Roy's 8.0
Bay 16.0
Lake 16.3
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3. Dissolved oxygen concentrations in mg per liter.
Dissolved Oxygen in March Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 9.9 4 10 9.9
Well 2 9 9 9 10 2 9.7
Well 3 10.1 9.S 10.2 9.5
Well 4 S.8 5.6 8.0 8.8
W ells 3.7 2.8 5.4 7.2
Welle 4.S 3.4 4.3 4.9
Roy’s 9.S
Bay 11.1
Lake 11.4
Dissolved Oxygen in April Before Pumping After Pumping
Top Bottom Top Bottom
W eill 10.0 3 10 10
Well 2 9.S 6.9 9.2 9.3
Well 3 10.1 9.3 10.0 10.0
Well 4 S.S 5.6 6.9 6.7
W ells 2.0 1.5
W ells 3.4 2.2 3 3 3.0
Roy’s 9.S
Bay 11.6
Lake 11.8
Dissolved Oxygen in May Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 8.4 0.9 8.7 7.9
Well 2 9.8 3.9 9.8 9.4
Well 3 9.8 8.8 9.7 9.7
Well 4 6.4 5.5 6.5 5.3
Wells 3.3 2.3 4.4 4.1
Wells 3.5 2.8 4.5 4.3
Roy’s 9.2
Bay 9.4
Lake 9-6
Dissolved Oxygen in June Before Pumping After Pumping
Top Bottom Top Bottom
WelM 7.9 1.2 6.3 7.00
Well 2 9.9 3.5 9.3 8.8
Well 3 10.0 8.7 9.8 9.8
Well 4 6.3 5.7 6.5 5.5
Wells 3.2 2.6 2.5 5.4
Wells 2.6 2.0 3.9 5.0
R o/s 9.9
Bay 9.2
Lake 9.0
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4. Percent oxygen saturation. 
Oxygen Saturation In March Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 82.2 33.7 82.2 81.6
Well 2 83 76.3 84.7 81.2
Well 3 83.8 80.1 85.1 80.1
Well 4 53.6 44.9 62.0 71.0
W ells 29.7 22.7 42.4 58.3
Welle 36.5 27,7 34.7 40.5
Roy's 79.7
Bay 84.3
Lake 86.2
Oxygen Saturation in April Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 85 24 84.8 84.4
Well 2 81.8 58.2 9.16 9.33
Well 3 87.4 78.1 84.9 84.4
Well 4 53.7 45.4 57.1 54.9
W ells 16.0 12.7
Welle 27.6 16.4 27.2 24.7
Roy’s 78.7
Bay 100.9
Lake 99.7
Oxygen Saturation in May Before Pumping After Pumping
Top Bottom Top Bottom
W eill 72.1 7 74.9 67.3
Well 2 83.4 31.8 83.5 79.3
Well 3 83.1 74.6 83.3 82.1
Well 4 55.6 47.1 55.7 46
Wells 28.1 19.8 37.5 35.8
Welle 30.0 24.4 37.6 37.5
Roy's 78.8
Bay 88.7
Lake 90.9
Oxygen Saturation in June Before Pumping After Pumping
Top Bottom Top Bottom
Well 1 68.2 8.4 54.5 59.8
Well 2 85.1 2 9 3 78.6 74
Well 3 84.7 73.2 83.6 83.4
Well 4 55.2 48.9 57.5 47.4
Wells 28.2 21.7 21-1 47
Welle 21.9 16.8 33 42.5
Roy’s 84.3
Bay 92.8
Lake 92.3
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5. Seepage rates in mL per minute. 
March Seepage Data
Mean Seepage Rates in March 
Standard Deviation 
N
Aprii Seepage Data
Mean Seepage Rates in April 
Standard Deviation 
N
Trans. B Trans. C Trans. D Trans. E
4 4 6 2
1 2 1 2
3 4 5 2
4 3 5 3
3.0 3.3 4.3 2.3
1.4 1.0 2.2 0.5
4 4 4 4
Trans. 8 Trans. C Trans. D Trans. E
7 23 4 30
0.5 2 0.3 2
2 4 1 8
8 71 4 8
20 55 6 31
27 124 19 94
91 98
68 81
109 114
100 119
99 100
106 126
128 120
10.8 75.4 5.7 71.6
10.5 43.1 6.8 48.1
6 13 6 13
May Seepage Data
Trans. B Trans. C Trans. D Trans. E
38 18 21 20
53 23 17 5
37 22 12 11
15 21 8 9
Mean Seepage Rates in May 35.8 21.0 14.5 11.3
Standard Deviation 15.7 2.2 5.7 6.4
N 4 4 4 4
June Seepage Data
Trans. B Trans. C Trans. D Trans. E
19 0.2 6.0 1
19 0.2 4.0 1
19 1.0 0 5 1
14 4.0 3.0 1
3
Mean Seepage Rates in June 17.8 1.4 3.4 1.4
Standard Deviation 2.5 1.8 2.3 0.9
N 4 4 4 5
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6. Water table elevation data in meters. Negative numbers in this table are
measurements o f water levels below the ground level at well 1. Thus, the lake 
surface was approximately 4 meters below the ground surface at well 1 in March, 
and then in June had risen by 3 meters, as depicted in Figure 12 on page 21.
Ground Elevations Relative to Ground at Weii 1 (m)
Wein 0.00
Well 2 0.08
Well 3 1.3S
Well 4 1.8S
W ells 3-01
Well 6 3.14
Water Elevations Relative to Ground at Well 1 (m)
March April May June
Lake Surface -4.09 -4.03 -1.40 -1.09
Well 1 -1 61 -1.62 -0.73 -0.42
Well 2 -0.42 -1.26 -0.70 -0.41
Well 3 0.37 0.3S 0.44 0.42
Well 4 0 02 -0.01 O.OS 0.04
W ells 0.04 -0.10 0.09 0.10
Welle -0.31 -0.43 -0.30 -0.32
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Appendix B. Macroinvertebrate taxa collected in well, creek and lake samples
W1 Inverts March April May June
Paraperla wilsoni 9 33 5 17
Kathroperla perdita 7 2 1
Perlomyia utahensis 1 12 1
Suwallia Kootenai 5
Coleoptera: Dytlscidae 2 4 46 12
Coleoptera: Elmidae 1
Diptera: Chironomidae 1 2
Amphipoda: Gammarus lacustris 4
Ephemeroptera: Siphlonluridae
Gastropoda: Planorbidae
Melanka californica
W2 inverts March April May June
Paraperla wilsoni 52 97 4 3
Kathroperla perdita 1
Perlomyia utahensis 1 2 1
Suwallia Kootenai 2 1
Melanka californica 1
Coleoptera: Dytiscidae 1
Coleoptera: Elmidae 2 4
Diptera: Chironomidae 6 2
Annelida: Hirudinea 1
Amphipoda: Gammarus lacustris
Ephemeroptera: Siphlonluridae
Gastropoda: Planorbidae
W3 Inverts March April May June
Paraperla wilsoni 48 88 37 33
Kathroperla perdita
Perlomyia utahensis 4 1 3
Suwallia Kootenai 4 1
Melanka californica 5 5
Coleoptera: Dytiscidae 3
Coleoptera: Elmidae 1 3
Ephemeroptera: Siphlonluridae 4
Gastropoda: Planorbidae 
Oiptera: Chironomidae 
Amphipoda: Gammarus lacustris
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W4 Inverts March April May June
Paraperla wilsoni 106 169 173 164
Kathroperla perdita
Perlomyia utahensis 2
Coleoptera: Dytiscidae 47 98 164
Coleoptera: Elmidae
Diptera: Chironomidae
Amphipoda: Gammarus lacustris
Ephemeroptera: Siphlonluridae
Suwallia Kootenai
Melanka californica
Gastropoda: Planorbidae
W5 Inverts March April May June
Paraperla wilsoni
Kathroperla perdita
Perlomyia utahensis
Suwallia Kootenai
Melanka califomica
Coleoptera: Dytiscidae
Coleoptera: Elmidae
Diptera: Chironomidae
Amphipoda: Gammarus lacustris
Ephemeroptera: Siphlonluridae
Gastropoda: Planorbidae
W6 Inverts March April May June
Paraperla wilsoni 4 1
Kathroperla perdita
Perlomyia utahensis 1
Coleoptera: Dytiscidae 1
Diptera: Chironomidae 1
Gastropoda: Planorbidae 1
Amphipoda: Gammarus lacustris
Ephemeroptera: Siphlonluridae
Suwallia Kootenai
Melanka califomica
Coleoptera: Elmidae
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RC Inverts (Roy’s Creek) March April May June
Melanka califomica 2 1
Ephemeroptera: Siphlonuridae 1 4
Annelida: Hirudinea 1 21
Ephemeroptera: Heptageniidae
Ephemeroptera: Leptophlebiidae
Amphipoda: Gammarus lacustris
Coleoptera: Elmidae
Diptera: Chironomidae
Gastropoda: Planorbidae
Site D Inverts (Yellow Bay) March April May June
Melanka californica 2 2 1
Amphipoda: Gammarus lacustris 3 5
Coleoptera: Elmidae
Diptera: Chironomidae 3
Gastropoda: Planorbidae 3
Annelida: Hirudinea 4
Ephemeroptera: Siphlonuridae 2 6 22
Ephemeroptera: Heptageniidae 
Ephemeroptera: Leptophlebiidae
Site YP Inverts (Flathead Lake) March April May June
Ephemeroptera: Leptophlebiidae 8
Ephemeroptera: Heptageniidae 1 2
Amphipoda: Gammarus lacustris 2 5
Diptera: Chironomidae 5
Gastropoda: Planorbidae
Annelida: Hirudinea
Melanka califomica
Ephemeroptera: Siphlonuridae
Coleoptera: Elmidae
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RC Inverts (Roy’s Creek) March April May June
total number of taxa 2 2 2 0
W1 Inverts March April May June
total number of taxa 7 6 4 2
W2 Inverts March April May June
total numt>er of taxa 5 3 5 4
W3 Inverts March April May June
total numt>er of taxa 1 4 4 6
W4 Inverts March April May June
total number of taxa 1 3 2 2
W5 inverts March April May June
total number of taxa 0 0 0 0
W6 Inverts March April May June
total number of taxa 2 2 0 2
Site D Inverts (Yellow Bay) March April May June
total number of taxa 3 5 2 1
Site YP Inverts (Flathead Lake) March April May June
total number of taxa 2 4 0 2
Total taxa
March April May June
Roy’s Creek 2 2 2 0
Welts 11 8 6 10
Yellow Bay 3 5 2 1
Flathead Lake 2 3 0 1
Total Abundance
March April May June
Roy’s Creek 2 6 22 0
Wells 246 479 373 420
Yellow Bay 7 21 24 1
Flathead Lake 3 18 0 2
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Well 1 Invertebrates
50
40
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10
March April May Ju n e
□  F^raperla w ilsoni
□  Kathroperla perdita
□  Perlomyia utahensis
□ Suw allia kootenai
■  Coleoptera; Dytiscidae
□  Coleoptera: Bmidae
■  Diptera: Chironomidae
□  Amphipoda: Gammarus 
lacustris
100
80
60
40
20
0
Well 2 invertebrates
March April May June
□  %raperla w ilsoni
■  Kathroperla perdita
□  Perlomyia utahensis
□  Suwallia kootenai
■  Melanka californica
□  Coleoptera: Dytiscidae
■  Coleoptera: Bmidae
□  Diptera: Chironomidae
■  Annelida: Hirudinea
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Well 3 Invertebrates
1 0 0 i
80 j 
60  ̂
40  
20
March April May June
□  F&raperla w ilsoni
□  Kathroperla perdita
□  Fterlomyia utahensis
□  Suw alle kootenai 
a Melanka californica
□  Coleoptera; Dytiscidae
□  Coleoptera: Bmidae
□  ^hemeroptera: 
Siphlonluridae
Well 4 Invertebrates
2001
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March April May June
n  p arap erla  w ilsoni 
a  K athroperla perdita 
D Rsriomyia u ta h en sis  
n  Suw  allia kootenai 
■  Melanka californica 
O C oleoptera: D ytiscidae
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Well 6 Invertebrates
4
3
2
1
0
March April May June
□ Paraperla w ilsoni 
D Kathroperla perdita
□ Fterlomyia utahensis
□ Coleoptera: Dytiscidae 
■ Diptera: Chironomidae
□ Gastropoda: Ranorbidae
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Roy's Creek Invertebrates
a
□ Melanka californica
■  ^hemeroptera: Siphlonuridae
□  Annelida: hirudinea
March April May June
6 0
Yellow Bay Invertebrates
□  Melanka californica
j
March April May
■  Amphipoda; Gammarus lacustris 
□  Coleoptera: Bmidae
a  Dptera: Chironomidae
■  Gastropoda: Planorbidae
June Annelida: Hrudinea
8
6
4
2
0
Flathead Lake Invertebrates
unprotected East Shore Without Groundwater influence
U] 1
□ ^hemeroptera: 
Leptophlebiidae
B Ephemeroptera: 
Heptageniidae
□ Amphipoda: Gammarus 
bcustris
□ Diptera; Chironomidae
March April May June
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A ppendix C. Map Generation Procedures
Maps o f the study site, appearing in Figures 4 and 5, were produced using a 
combination o f Environmental Systems Research Institute (ESRI) Arc View 3.2^*  ̂and 
Adobe Photoshop 7 .0 ^  software. A CIS layer depicting the shoreline forming Yellow 
Bay was drawn from a soils map database, accessed through the Montana State Library 
Natural Resources Information System, using ArcView. Then the latitude and longitude 
coordinates o f wells, and creek and lake sampling sites, were assembled into an ArcView 
shapefile. This information was then converted by Montana NRIS programmer T.J. 
Abbenhaus into a projection that was joined with the shoreline depiction. The resulting 
map was saved in formats usable for importing as an image into Adobe Photoshop™, 
where graphics such as labels were enhanced and added, and a legend constructed.
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